the range of its applications. The literature contains a number of examples of successful combinations of silica with other inorganic oxides [14, 15] , metal ions [16] [17] [18] , or polymers [19, 20] .
Recently, much interest has been shown in the possibility of obtaining multifunctional biomaterials of silica combined with natural polymers, including lignin and its derivatives. So far, only a few methods have been proposed for the synthesis of silica/lignin hybrid materials [21] [22] [23] [24] [25] . The products obtained were characterised by large surface area, high thermal stability, and high mechanical strength. Their potential applications include uses as functional biosorbents, polymer fillers, and many others [26] . It is also possible to combine silica/lignin products with other compounds such as natural rubber [27] or other polymers [28] .
From a practical point of view, a very important problem is that of controlling the stability of colloidal suspensions. Information on this stability is obtained by, among others, electrokinetic potential measurements. The dependence of surface charge density on pH can also be determined by potentiometric titration. This method is commonly used for characterisation of interface surface between the insoluble metal oxide and a water solution of electrolyte [29] [30] [31] [32] . The values of zeta potential and surface charge density depend on, among other things, the type and amount of substance adsorbed on the surface of the analysed material [33, 34] . Even a small amount of a compound used for surface functionalization can have a significant effect on the surface charge (often even changing its sign), and thus on the zeta potential and stability of dispersion, which can improve the application possibilities of a given material.
The aim of the present study was to obtain and characterise advanced SiO 2 /lignin hybrid systems. The two types of silica used, hydrated silica and fumed Aerosil ® 200, had their surfaces functionalised with aminosilane to improve their grafting efficiency with activated Kraft lignin. The products were characterised through determination of their physicochemical and dispersive-morphological properties. An important goal of the research was to determine the surface properties of the obtained systems (zeta potential and surface charge density).
Experimental procedure

Silica precipitation
Silica was precipitated in a polar medium as a result of a direct reaction of a water solution of sodium silicate (Vitrosilicon SA) with 5% sulphuric acid (Chempur). The reaction mixture was vigorously stirred (1800 rpm) with a fast-speed stirrer (Eurostar IKA-Werke Labortechnik GmbH). The process was conducted at 85°C. A detailed description of the hydrated silica and specific amounts of reagents used is given in [35] . A schematic diagram of the synthesis of hydrated silica is shown in Fig. 1 .
Besides the hydrated silica precipitated in a polar medium, Aerosil ® 200 fumed silica (purchased from Evonik Industries AG) was also used.
Silica/lignin materials preparation
Prior to the preparation of the hybrid materials, the two types of silica were subjected to surface modification in order to enhance their affinity to lignin. A detailed description of silica modification with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTES, Sigma-Aldrich ® ) is given in [36, 37] . The actual process of silica/lignin hybrid system synthesis began with the activation of Kraft lignin (Sigma-Aldrich ® ) dispersed in a dioxane:water solution (9:1, v/v) with a strong oxidiser: sodium periodate (Sigma-Aldrich) dissolved in water. After 30 minutes, the preliminarily functionalised silica was added to the activated solution of lignin. The mixture was vigorously stirred for 2 h with no access of light. The mixture was filtered off and the product was washed a few times with water to remove impurities and residues of unreacted substrates. The product was dried at 105°C for 24 h and then classified. Fig. 2 presents a simplified scheme of the synthesis of silica/lignin hybrid biomaterials.
Physicochemical evaluation
Dispersive-morphological characteristics
Particles size distribution (PSD) was determined using a Zetasizer Nano ZS (Malvern Instruments Ltd.) enabling measurement of particle diameters in the range 0.6-6000 nm (noninvasive backscattering technique, NIBS). The measurement involves passing through the material a red laser beam of wavelength 663 nm. During measurement the intensity of fluctuations of scattered light is identified, these representing illuminated particles of the sample. The particles within the fluid exhibit Brownian motion, which makes the measurement possible.
The dispersive properties of the products were also characterised with the use of a Mastersizer 2000 (0.2-2000 μm), also from Malvern Instruments Ltd., employing the method of laser diffraction. The laser diffraction method is based on two physical phenomena: diffraction and interference of light waves. In laser diffractometers the component waves have the same amplitudes, and depending on the angle of intersection the resultant wave is alternately quenched or enhanced, which is observed as a series of alternate bright and dark lines. The results are obtained as a relation between the volume (in %) and the diameter of particles -in fact, of a fraction of particles. The limiting diameters of particle fractions are the equivalent diameters of the spherical balls, which would give the same diffraction pattern as the sample studied. The control unit (a PC) converts the pulses recorded into particle diameters, according to the MIE theory. This method assumes that the particles are spheres and are arranged randomly in the suspension, that there is no interaction between them and that there is no shielding of smaller particles by larger ones.
The surface morphology and microstructure of the silica/lignin products were examined on the basis of the SEM images recorded from an EVO40 scanning electron microscope (Zeiss). Before testing, the samples were coated with Au for a time of 5 seconds using a Balzers PV205P coater.
FT-IR analysis
The silica/lignin hybrid biomaterials and precursors (silicas and Kraft lignin) were also subjected to FT-IR spectral analysis (using an IFS 66v/S made by Bruker). Here the materials were analysed in the form of tablets, made by pressing a mixture of anhydrous KBr (ca. 0.1 g) and 1 mg of the tested substance in a special steel ring under a pressure of approximately 1000 MPa. The transparent tablet was placed in a cuvette, which was placed in the clamp of the apparatus, at the focus of a beam of radiation. The investigation was performed over a wavenumber range of 4000-400 cm -1 (at a resolution of 0.5 cm -1 ).
Colorimetric analysis
Colorimetric analyses of the samples were made using the CIE L*a*b* colour space system applying Specbos 4000 spectrophotometer (Technische Instrumente GmbH). During measurement the head of the spectrophotometer was moved perpendicularly to the precisely formed tablet to a very short distance.
CIE L*a*b* (CIELAB) is the most complete colour space specified by the International Commission on Illumination. The CIE L*a*b* system describes and orders colours based on the opponent theory of colour vision. The opponent theory is that colours cannot be perceived as both red and green at the same time, or yellow and blue at the same time. However, a colour can be perceived as a combination of: red and yellow, red and blue, green and yellow, or green and blue. In the CIE L*a*b* colour space the colour coordinates in this rectangular coordinate system are: L* − the lightness of the colour (L* = 0 yields black and L* = 100 yields white), a* − the red/green coordinate, with +a* indicating red, and -a* indicating green, b* − the yellow/blue coordinate, with +b* indicating yellow, and -b* indicating blue.
CIE L*a*b* colour difference, between any two colours in CIE color space, is the distance between the colour locations. This distance is typically expressed as dE, where:
(1) ΔL* − being the lightness difference, Δa* − being the red/green difference, Δb* − being the yellow/blue difference.
CIE L*a*b* colour space is approximately uniform for the perception of small colour differences. That is, for specimens compared to a standard, colour differences (distances) in any direction are of about the same importance (weight). Thus, CIE L*a*b* color difference (dE) is an equally weighted combination of the coordinate (L*, a*, b*) differences. Industrial colour acceptability decisions are often not based solely on the equally weighted CIE colour difference (dE) function. By establishing tolerances that may differ for various colours, as well as for each coordinate, an effective colour acceptability management system is possible using CIE L*a*b*.
Porous structure properties
In order to characterise the parameters of the porous structure of the biomaterials, surface area, pore volume and average pore size were determined using an ASAP 2020 instrument (Accelerated Surface Area and Porosimetry) from Micromeritics Instrument Co. All samples were degassed at 120°C for 4 h in a vacuum chamber prior to measurement. The specific surface area was determined by the multipoint BET (BrunauerEmmett-Teller) method using data for adsorption under relative pressure (p/p o ). The BET method allows the estimation of specific surface areas from adsorption isotherms on the basis of the multilayer adsorption model. The hypothesis of the model is that (i) adsorption occurs on energetically homogeneous sites having energy ε 1 (also, the surface density of the sites is constant) and (ii) molecules can adsorb onto each other. In this case, the adsorption energy ε o for all molecules adsorbed above the first layer is constant and equal to the cohesion energy in the bulk liquid. With these assumptions, it can be shown that adsorption data (amount of adsorbed nitrogen N versus the relative pressure p/p o ) must obey the following equation:
where: N o is the monolayer capacity, i.e., the number of atoms needed to uniformly cover the substrate with one complete monolayer. The factor C is related to the energetics of the system, C = exp[(ε 1 -ε o )/kT], where k is the Boltzmann constant. The parameters C and N o can be estimated from the slope and the intercept of the BET plot given by Eq. 2.
The BJH (Barrett-Joyner-Halenda) algorithm was applied to determine the pores volume and the average pores size. The BJH analysis describes the capillary condensation phenomenon in a cylindrical pore. It is assumed that the condensation of a fluid in a pore of radius r o takes place in the 'core' region, i.e., the inner part of the pore that has a radius r o -t(p/p o ), where t(p/p o ) is the thickness of the film adsorbed on the pore wall as a function of the relative pressure (p/p o ) of the gas. Using this model, it is predicted that the condensation of nitrogen in a pore of radius r occurs at a pressure given by the following modified Kelvin equation: (3) where: p is the system pressure, p o is the saturation vapor pressure of nitrogen, γ N and V 1 are the surface tension and molar volume, respectively, of liquid nitrogen, R is the gas constant, T is the temperature at which the isotherm is measured (77 K) and α is a factor that accounts for the shape of the gas/liquid interface.
Electrokinetic characteristics
Electrophoretic mobility was measured using a Zetasizer Nano ZS instrument equipped with an autotitrator (Malvern Instruments Ltd.). Measurements were performed at 25°C. Simultaneously, changes in the conductivity and pH values of the suspension were observed during the measurement. Prior to the measurement, the apparatus was calibrated by determining the zeta potential of a latex suspension and measuring the pH of buffer solutions with a pH value of 4 and 9. The analysed dispersions were stabilised in an ultrasonic bath for 15 minutes. The apparatus enables determination of the electrophoretic mobility of particles in a range from 5 nm to 100 mm. Measurements were performed in a pH range from 1 to 11 in 0.001M NaCl solution. The instrument works on the basis of a combination of electrophoresis and laser measurement of particle mobility employing the Doppler phenomenon. The instrument measures the velocity of particles moving in a medium to which an external electric field is applied. The velocity of a particle in an electric field is known as its electrophoretic mobility. The experimentally measured electrophoretic mobility is used to calculate the zeta potential from the Henry Eq. 4: (4) where R ef is the electrophoretic mobility, e the dielectric constant, z the electrokinetic (zeta) potential, h the viscosity, and f(Ka) the Henry function.
In order to eliminate possible measurement errors, each analysed sample was measured ten times; the overall standard deviation was ±0.01 mV (zeta potential) and ±0.01 (pH).
Potentiometric acid-base titration
The acid-base properties of the initial silica supports (unmodified and modified) and the silica/lignin hybrid biomaterials were characterised by means of potentiometric titration performed at 25°C using an automatic titrator (Mettler Toledo T50). Measurements were made in a 0.001M solution of NaCl, in a pH range from 1.7 to 11. The pH of the system was measured with the use of a DGi 115-SC electrode (Mettler Toledo), which was calibrated using commercial buffer solutions prior to each measurement. The dispersed systems were left for 36 h to reach a state of equilibrium with the electrolyte solution, and then they were titrated with a 0.2 M solution of HCl or NaOH to obtain the desired pH. Measurements were made in an N 2 atmosphere on continuous stirring.
On the basis of the data obtained, the surface charge density was calculated from the Eq. 5: (5) where: F is Faraday's constant (96 485 C mol -1 ), c is the concentration of the acid or base used for titration, V ∆ is the difference in the volume of the acid or base used to obtain the desired pH of the dispersed system, m is the mass of oxide used for titration, and A is the surface area of the tested material. Modification of silica with a solution of AEAPTES led to a small increase in the particle size, most probably caused by agglomeration of primary particles. The hybrid systems revealed a tendency towards the formation of aggregates, and consequently agglomerates, with increasing contribution of Kraft lignin per 100 parts by weight of modified silica. As can be seen from the particle size distributions obtained using the Zetasizer Nano ZS apparatus (Fig. 3) , silica/lignin hybrid biomaterials exhibited a tendency to form larger agglomerates of particles.
Results and discussion
Dispersive-morphological characteristics
A similar conclusion was drawn from the particle size distribution curves (Mastersizer 2000), shown in Fig. 4 . Although their shapes are similar, the effect of increasing the content of lignin relative to modified silica is clearly manifested by a shift of the curves towards larger particle sizes. Thus the hybrid systems contained primary particles showing a tendency towards the formation of aggregates (<1 µm) and agglomerates (>1 µm).
The above conclusions were corroborated by the SEM images presented in Fig. 5 . The formation of larger particle structures is fully to be expected. It follows from the structure and morphology of silica and the structure of lignin macromolecules.
FT-IR spectroscopy
The FT-IR spectra were taken and analysed to identify the functional groups in the structure of the unmodified silicas, Kraft lignin (Fig. 6a) and silica/lignin hybrid systems (Figs. 6b and 6c) .
The FT-IR spectra of SiO 2 (hydrated and fumed silicas) show a high-intensity band at 1120 cm -1 and a lower-intensity band at 817 cm -1 , both attributed to the stretching vibrations of siloxane groups (Si-O-Si). A less intense peak at 960 cm -1 together with a strong peak at 500 cm -1 confirm the presence respectively of stretching and bending vibrations of silanol groups (Si-OH). The broad band in the range 3600-3200 cm -1 is characteristic of the stretching vibrations of O-H groups. At 1632 cm -1 there is a low-intensity band attributed to the bending vibrations of the same group. These bands confirm the presence of physically adsorbed water on The FT-IR spectrum of Kraft lignin shows a medium intensity band in the range 3600-3200 cm -1 , characteristic of the stretching vibrations of hydroxyl groups. Important bands in this spectrum are those peaking at 2928 cm -1 (attributed to stretching vibrations of C-H from CH 3 +CH 2 groups) and at 2849 cm -1 (stretching vibrations of OCH 3 groups). The band in the range 1710-1600 cm -1 is attributed to unconjugated and conjugated stretching vibrations of C=O groups. Lignin contains aromatic rings whose presence is manifested by the characteristic bands peaking at 1596 and 1510 cm -1 . The appearance of bands in the range 1500-1000 cm -1 indicates the presence of many groups, including among others C-H groups (bending vibrations of methyl and methylene groups as well as groups from aromatic rings), ether groups (C-O-C), C-C bonds and C-O groups typical of secondary alcohols. These results are in full agreement with earlier work [41] [42] [43] . Lignin is a biopolymer containing many different characteristic functional groups, including hydroxyl, carbonyl and ether groups. Analysis of the FT-IR spectra of the silica/lignin hybrid biomaterials based on hydrated and Aerosil ® 200 silicas confirms the effectiveness of the proposed method for the synthesis of silica/lignin hybrids. The fact of obtaining hybrid products is confirmed by the presence of specific bands (Figs. 6b and 6c) , primarily those in the wavenumber range 1700-1400 cm -1 , and those attributed to the stretching vibrations of O-H and C-H groups. A detailed analysis of silica/lignin hybrids based on X-ray photoelectron spectroscopy (XPS), proving the effective bonding of the precursors, is given in [23] . Fig. 7 shows the proposed reaction scheme for obtaining the silica/lignin hybrid biomaterials. As can be concluded from the presented scheme, a stable and strong chemical bonds are formed between precursors. It is possible due to preliminary modification of silica with aminosilane, which results with the presence of -NH 2 groups, exhibiting chemical affinity to previously activated with strong oxidant lignin solution. A possibility of formation of the mentioned bond has been already proven in earlier publication [23] .
Colorimetric analysis
The initial silicas and the silica/lignin hybrid systems obtained from them were subjected to colorimetric analysis. The results are given in Table 2 . As follows from these data, the values for the lightness L* of hydrated and Aerosil ® 200 silicas are 94.1 and 93.8 respectively. With increasing content of Kraft lignin the lightness decreases, which is explained by the characteristic dark brown colour of lignin. The contributions of red a* and yellow b* increase with increasing content of lignin by weight. Another very important value for colorimetric characterisation is that of the parameter dE, describing the total change in colour between subsequent samples; this consistently increased with increasing content of lignin.
Porous structure properties
The porous structures of the SiO 2 /lignin hybrids and their precursors (unmodified and modified SiO 2 ) were characterised by means of determination of the porous structure properties (specific surface area, pore volume and mean pore diameter). The results are given in Table 3 , and indicate a possible use of silica/lignin hybrids as a new generation of biosorbents. Silica Aerosil ® 200 can be characterised with high specific 200. In this case, the highest specific area BET (245 m 2 g -1 ) has been measured for hybrid B1 (containing 3 weight parts of lignin per 100 weight parts of silica). A tendency is clearly visible, that as the lignin content increases, the mentioned parameter decreases. Value of total pores volume of the obtained hybrid materials does not undergo significant changes when compared with unmodified silicas. However, pores size of all obtained hybrids were similar and vary between 2.79 and 2.97 nm. The decreasing values of specific surface area with increasing content of lignin in the hybrid materials do not exclude their application as adsorbents. Much more important is the presence of a variety of functional groups in the lignin structure that show chemical affinity to heavy metals or hazardous organic compounds [44] [45] [46] [47] . Knowing the surface area and using the potentiometric titration data, it was possible to calculate the surface charge density. Fig. 8 presents the pH dependencies of zeta potential measured for the hydrated and commercial silicas (unmodified and modified with aminosilane) and for the silica/lignin hybrid materials based on the aminosilanemodified silicas. Measurements were performed over a pH range from 1.7 to 11. Fig. 8a shows the pH dependencies of zeta potential measured for hydrated silica, unmodified and modified with aminosilane. As zeta potential clearly decreases with increasing pH, the potential-generating ions in these systems are H + and OH -. The electrokinetic curves obtained were compared to those recorded for the composite of hydrated silica and lignin. The zeta potential of hydrated silica is negative over the entire pH range studied, but the absolute values are smaller than those for the fumed silica (Aerosil Zeta potential values versus pH measured for unmodified fumed silica are presented in Fig. 8b . Starting from a pH close to 7, the absolute values of zeta potential are greater than 30 mV, so the colloidal system in an alkaline medium is stable. The isoelectric point is 1.7. Modification of Aerosil ® 200 with aminosilane resulted in a shift of the IEP to 6. Similar values were obtained [48] . The zeta potential values measured for the fumed modified silica are higher than for the unmodified silica, especially in acidic medium. At acidic pH the silica surface has positive charge, while at alkaline pH it has negative charge. This observation is confirmed by the smaller absolute values of zeta potential, and can be explained by the reactions proposed in our previous paper [49] .
Electrokinetic characteristics
The electrokinetic properties of SiO 2 /lignin hybrid biomaterials also depend on pH, but not so strongly as those of silicas. These materials dispersed in colloidal systems show rather good electrokinetic stability over the entire pH range analysed. The isoelectric point of hybrid materials decreases with increasing content of lignin. The IEP of Kraft lignin is 1, while the zeta potential over the entire pH range considered takes negative values, which is a result of the presence of OH -groups [50] [51] [52] . The presence of lignin results in a decreased value of zeta potential, and thus in a decrease in the surface charge of the hybrids relative to that of the silica modified with aminosilane. Irrespective of the content of lignin, the electrokinetic curves of the hybrid materials are very similar. 3.6. Surface charge density Fig. 9 presents the surface charge density as a function of pH, determined for the hydrated and fumed silicas, unmodified and modified with aminosilane, and for the silica/lignin hybrids based on them. Acid-base properties of the silicas and silica/lignin hybrid samples studied were analysed over a pH range from 1.7 to 11.0 (as well as zeta potential measurement). Measurements were performed in a 0.001M solution of NaCl. According to the literature, the surface charge of insoluble metal oxides is generated by the surface chemical reactions. The surface charge depends on the degree of dissociation of certain functional groups, such as -OH, -COOH, -SH, present on the surface of metal oxides [53] . The magnitude of the charge depends significantly on the pH of the solution in which a given metal oxide is dispersed, according to Eqs. 6 and 7 [54] :
The pH-induced changes in the surface charge on hydrated and Aerosil ® 200 silicas, unmodified and modified with aminosilane, determined from the titration data, are shown in Figs. 9a and 9b. With increasing pH, the negative charge on the surfaces of the samples increased.
An important parameter characterising the samples was the point of zero charge (PZC), which is the pH value at which the total surface charge is zero, i.e., the negative and positive charge are equal. The PZCs determined for unmodified hydrated and fumed silica samples are in agreement with literature data, and take the values 2.0 and 2.2 respectively [55] [56] [57] [58] . These PZC values are almost the same as the values of IEP obtained for the same samples from the zeta potential measurements, which means that the potential-generating ions on these samples are H + and OH -. The surface functionalisation of hydrated and fumed silicas by modification with aminosilane resulted in a shift of the PZC to pH values of 6.87 and 7.80 for , whose authors showed that modification of commercial silica (Aerosil A-300) with aminosilane changed the PZC value to 7.20. The pH dependencies of the surface change density on the silica/lignin hybrid biomaterials (Figs. 9c and 9d ) confirm the effectiveness of the surface functionalisation and the proposed method for the synthesis of SiO 2 /lignin products. The decrease in PZC for the hybrids is a result of the presence of many different functional groups on the Kraft lignin surface. Similar relations, namely a decrease in zeta potential as a function of pH, were obtained for the other samples.
Conclusions
Advanced silica/lignin hybrid biomaterials have been obtained using as precursors hydrated silica precipitated in a polar medium, fumed silica (Aerosil ® 200), and Kraft lignin. The precursors and SiO 2 /lignin hybrids have been thoroughly characterised by determination of their physicochemical, dispersivemorphological, and electrokinetic properties. The particles of the products show a tendency towards the formation of aggregates and agglomerates, and this tendency increases with increasing contribution of lignin in the composite relative to silica. The effectiveness of the proposed method for the synthesis of silica/lignin biomaterials has been confirmed by FT-IR analysis and indirectly by colorimetric analysis. The zeta potential and surface charge density values imply that modification of silica with aminosilane significantly changes the surface properties of the systems analysed. This change extends the range of possible applications of these new hybrids, which have not previously been studied. Surface modification of silicas with aminosilane induces a change in the surface charge from negative to positive, over a wide pH range. Small differences in the surface charge between the hydrated and fumed silicas (and hybrids based on them) are a consequence of the method used for silica synthesis. Zeta potential measurements and surface charge density determination provided information on the chemical character of the surface of the silica/lignin hybrid biomaterials, which will be of help in identifying their future applications in science and industry. Results of the studies performed for the obtained materials have proved that the silica/ lignin products have good electrokinetic stability and are promising as polymer fillers or adsorbents of harmful chemical compounds, including heavy metals, thanks to their good porous structure properties. In addition, the materials obtained on the basis of silica and lignin are a biodegradable. As a result, these products can be classified as multifunctional and advanced materials. Currently, studies are being carried out in which these biomaterials are examined as heavy metal (U, Ni, Cd) sorbents from the model aqueous solutions. Preliminary results are very promising and will certainly serve as matter for further research.
